Previous works in our laboratory have shown a possibility that ADP-R liberated from (ADP-R) n (Reaction 2) may be converted to ATP and Ribose 5-phosphate (R-5-P) by ADP-R pyrophosphorylation utilizing PPi (Reaction 3). 18, 19) Therefore, we have addressed the existence of ADP-ribose pyrophosphorylase (ARPP) which directly catalyzes Reaction 3. Recently, it was reported that ATP for the DNA ligation in base excision repair is generated from (ADP-R) n . 20) However, although a causal relation between the formation of ATP from (ADP-R) n and DNA repair has been reported, [18] [19] [20] the precise functions of ATP generated from (ADP-R) n remain obscure. 
nNADϩX→(ADP-R) n -XϩnN
It is known that DNA repair is accompanied by a dramatic decrease of the cellular NAD ϩ levels and a slow-down of ATP generation in mitochondria, and thereby suppression of DNA replication. 21, 22) So, it appears to be needed a compensatory mechanism that enables ATP-dependent steps of DNA repair even in short ATP supply. Previously, we showed that mM orders of ATP is generated from (ADP-R) n catabolism is used for repair processes of damaged DNA.
19) The present study reveals that this ATP produced from (ADP-R) n is involved in the maintenance of DNA replication apparatus. These observations suggest another important function of ATP generated from (ADP-R) n in nuclei damaged by genotoxic stress. Namely, this ATP is shared for the repair synthesis of damaged DNA and the maintenance of replication apparatus until repair completion.
MATERIALS AND METHODS

Materials
Oen B was isolated from Oenothera erythrosepala BORBAS, and purified as reported previously. 23) MNNG was purchased from Sigma. [Adenine-2, 8- 3 H]NAD ϩ (27 Ci/mmol) was from Dupont. All other reagents were of the highest purity grade available. Cell Culture and Synchronization HeLa S3 cells were maintained in Dulbecco's modified Eagle's minimal essential medium (DMEM) supplemented with 10% fetal calf serum.
Synchronization of HeLa S3 cells at G1/S phase was carried out by exposing cells to 1 mM hydroxyurea for 16 h. 24) DNA Replication Synthesis in Isolated Nuclei Nuclei were isolated from HeLa S3 cells at 3 h after the release from hydroxyurea block as described previously.
24) The activity of DNA synthesis in isolated nuclei was assayed in the standard reaction mixture containing 50 mM Tris-HCl (pH 7.8), 50 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 2 mM 2-mercaptoethanol (2-ME), 3 mM ATP, 100 mM each dATP, dCTP, and dGTP, and 20 mM 3 H-dTTP (0.67 Ci/mmol). The concentration of nuclei was set at 1ϫ10 6 /tube. Incubation was carried out at 37°C for indicated times. The reaction was stopped by addition of cold trichloroacetic acid to a final concentration of 5%. Acidinsoluble materials were collected on a Whatmann GF/C glass fiber filter. The radioactivity was measured in a liquid scintillation spectrometer.
Poly(ADP-ribosyl)ation in Isolated Nuclei The poly- 
HPLC Analysis of Nucleotide Content
Nuclei were suspended in 70% ethanol and homogenized with a Teflon pestle. The precipitate was removed by centrifugation at 10000ϫg for 10 min, and an aliquot of the resulting supernatant was analyzed by HPLC on a strong anion exchange (Hitachi CHI gel #3013-N) column. 18, 19) Materials were eluted with a linear gradient from solvent A [1.5% acetonitrile, 15 mM ammonium chloride, and 2.5 mM potassium phosphate (pH 6.8)] to solvent B [6% acetonitrile, 30 mM ammonium chloride, and 50 mM potassium phosphate (pH 6.8)]. Nucleotide contents were determined from their calibration curves. 18, 19) Alkaline Sucrose Density Gradient Centrifugation Nuclei were lysed by the addition of alkaline lysis solution containing 0.3 M KOH, 0.7 M KCl, 10 mM EDTA, and 2% sarkosyl. The lysate was kept at 4°C for at least 2 h before it was applied to an alkaline sucrose gradient. The alkaline sucrose gradient was 5-20% sucrose in a solution containing 0.3 M KOH, 0.7 M KCl, 1 mM EDTA, and 0.1% sarkosyl. Centrifugation was performed at 52500ϫg for 14 h in a Hitachi RPS25 rotor. 15) RESULTS DNA synthesis observed in isolated nuclei from synchronized S phase cells approximates the properties of in vivo DNA replication. [12] [13] [14] [15] The synthesis of DNA in the presence of mM orders of ATP in the nuclear system has been shown to proceed in a semidiscontinuous manner through the elongation of leading and lagging strands. [26] [27] [28] [29] When nuclei isolated from synchronized mid-S phase HeLa S3 cells, which was then treated with a repairable concentration (30 mM) of MNNG, were incubated with NAD ϩ for poly(ADP-ribosyl)ation of chromosomal proteins, DNA synthesizing activity measured by the incorporation of 3 H-dTMP into the DNA under the optimum conditions for DNA synthesis (in the presence of 3 mM ATP) was considerably suppressed (Fig. 1) . Similar evidence has been obtained by others. [1] [2] [3] 5) This suppression is mainly caused by the production of (ADP-R) n from NAD ϩ (Reaction 1), since the suppression was not observed in the presence of 3-aminobenzamide (3ABm), a potent PARP inhibitor, 30, 31) during incubation (Fig. 1 ). Our previous work has shown that the production of ATP from (ADP-R) n is required for DNA repair synthesis, and depoly(ADP-ribosyl)ation can occur efficiently even under the optimum conditions for DNA synthesis in the isolated nuclei system. 19) Therefore, to examine the involvement of ATP produced from (ADP-R) n for DNA replication synthesis, poly(ADP-ribosyl)ated mid-S phase cell nuclei were preincubated in the presence or absence of PPi during de-poly(ADPribosyl)ation, and then the successive changes of DNA synthesis were analyzed. Interestingly, when the poly(ADP-ribosyl)ated mid-S phase cell nuclei were preincubated in the ATP-free replication standard mixture for de-poly(ADP-ribosyl)ation, little DNA replication synthesis was observed even upon addition of 3 mM ATP ( Fig. 2A) . In contrast, it is noteworthy that DNA synthesis in poly(ADP-ribosyl)ated mid-S phase cell nuclei following a 10 min preincubation with PPi occurred immediately upon addition of 3 mM ATP. This DNA synthesizing activity was considered to result from the maintenance of the replication apparatus by ATP produced from (ADP-R) n in the presence of PPi. To assess this possibility, the effect of Oen B (Fig. 2B) , a potent and specific inhibitor of PARG, 25, 32) on the DNA replication synthesis was examined. Expectedly, when added to the preincubation mixture containing PPi, Oen B almost completely suppressed the incorporation of 3 H-dTMP upon addition of 3 mM ATP ( Fig.  2A) .
To characterize further the nature of the reaction, the DNA products synthesized after the addition of 3 mM ATP in poly(ADP-ribosyl)ated mid-S phase cell nuclei preincubated with or without PPi were analyzed in an alkaline sucrose density gradient. As shown in Fig. 3 , poly(ADP-ribosyl)ated mid-S phase cell nuclei preincubated with PPi synthesized both short fragments (Okazaki fragments) and high-molecular-weight DNA upon addition of 3 mM ATP. However, nuclei preincubated without PPi or with PPi plus Nob B synthesized fragments smaller than Okazaki fragments even when 3 mM ATP was added. These observations suggest that ATP produced from (ADP-R) n is acting to maintain the replication apparatus in the S-phase cell nuclei.
To support the above idea, the production of ATP from (ADP-R) n in the presence of PPi was examined. An aliquot of the reaction mixture was taken after 3 H-poly(ADP-ribosyl)ated mid-S phase cell nuclei were incubated for 10 min with or without PPi and analyzed by HPLC on anion exchange column. At this time, the rate of ADP-R conversion from (ADP-R) n was approximately 60% and 80% of in the absence and presence of PPi, respectively (Fig. 4A) . The slight increase of ADP-R conversion in the presence of PPi corresponds to our previous study. 18) Importantly, in the presence of PPi, the formation of ATP (approximate 0.6 nmol/10 6 nuclei, corresponding to a concentration of about 30 mM) was observed, and the rate of ATP conversion from (ADP-R) n was 25-30% (Fig. 4B) . These results suggest the above idea that ADP-R liberated from (ADP-R) n catabolism by the action of PARG is converted to ATP (and R-5-P) by ADP-R pyrophosphorylation utilizing PPi, and that ATP production is involved in maintaining the replication complex.
DISCUSSION
Evidence obtained from studies in isolated nuclei has suggested that DNA damage caused by DNA alkylating agents or X-ray elicits considerable synthesis of (ADP-R) n . [10] [11] [12] [13] The excision repair synthesis of DNA is known to require mM orders of ATP. [27] [28] [29] We previously showed that (ADP-R) n catabolism is required in the synthesis and joining of DNA during DNA repair. 19) Thus, (ADP-R) n catabolism has been suggested to be important in DNA repair. [18] [19] [20] Previous studies have also indicated that de-poly(ADP-ribosyl)ation of specific chromosomal proteins occurs during the activation of DNA transactions such as DNA replication and transcription.
8,12,13,33) However, the mechanism by which (ADP-R) n metabolism regulates these DNA transactions remains unexplained. The metabolic pathway of NAD ϩ to ATP via (ADP-R) n described here may provide the missing link (Fig. 5) .
In the present study, it is shown that in the mid-S phase cell nuclei pretreated with PPi, the DNA replication apparatus is maintained during DNA repair. Importantly, this phe- Poly(ADP-ribosyl)ated nuclei, which were isolated from 3 H-thymidine labelled Hela S3 mid-S phase cells, were incubated for 10 min with 1 mM PPi in the presence (᭺) of absence (᭹) of 30 mM Oen B, or without PPi (᭡) in the standard reaction mixture for DNA replication except that 3 mM ATP was added 10 min after the start of reaction, and were incubated for a further 20 min. The DNA products were analyzed by sedimentation in alkaline sucrose density gradients as described in Materials and Methods. Fig. 4 . Formation of ATP from (ADP-R) n in Isolated HeLa S3 Mid-S Phase Cell Nuclei Radiolabelled nucleotides released from 3 H-poly(ADP-ribosyl)ated HeLa S3 mid-S phase cell nuclei incubated in the absence (A) or presence (B) of PPi were analyzed by HPLC on an anion exchange column as described in Materials and Methods. The chromatographic analysis was reproducible and a typical data of 7 times analyses was illustrated. The recovery of radioactivity from column chromatography was approximately 80%. In the presence of PPi, the rate of ATP conversion from (ADP-R) n was 25-30%.
nomenon was not observed in mid-S phase cell nuclei preincubated in the absence of PPi or in the presence of PARG inhibitor (Oen B) (Fig. 5A) . These results suggest that ATP produced from (ADP-R) n functions at different points in these alternative mechanisms of ATP-requiring nuclear processes after genotoxic stress (Fig. 5A ). After DNA damage, the synthesis of (ADP-R) n on some specific chromosomal proteins could block the sites for replicative synthesis resulting in a transient halt of synthetic activity and the maintenance of replication complex by the production of ATP from (ADP-R) n . On the other hand, in repair sites, ATP produced from (ADP-R) n may provide energy for DNA repair synthesis and ligation. [18] [19] [20] The two branch model of the (ADP-R) n catabolic pathway (Fig. 5B) is consistent with our idea that (ADP-R) n serves as a reservoir of ATP and R-5-P for the regulation of ATP-requiring nuclear processes. 18, 19) R-5-P probably leaks into the cytoplasm to function as signal for the synthesis of deoxyribonucleoside triphosphates (dXTPs) and ribonucleoside triphosphates (rNTPs) through 5-phosphoribosyl-1-pyrophosphate (PRPP). The consumption of (ADP-R) n before the completion of DNA damage repair may lead to cell death by apoptosis. 34) Thus, the amount of (ADP-R) n after DNA damage seems to play a key role in the determination of cell fates, survival or death. This hypothesis is now under investigation in regard to the identification of ATP-requiring factors for DNA repair synthesis, maintenance of replication apparatus, and commitment to apoptosis. 
